In junction absorber photovoltaics doped wide bandgap n-type and p-type semiconductors form a porous interpenetrating junction structure with a layer of low bandgap absorber at the interface. The doping concentration is high enough such that the junction depletion width is smaller than the pore size. The highly conductive neutral region then has a dentrite shape with fingers reaching the absorber to effectively collect the photo-carriers swept out by the junction electric field. With doping of 10 19 cm −3 corresponding to a depletion width of 25 nm, pore size of 32 nm, absorber thickness close to exciton diffusion length of 17 nm, absorber bandgap of 1.4 eV and carrier mobility over 10 −5 cm 2 V −1 s −1 , numerical calculation shows the power conversion efficiency is as high as 19.4%. It rises to 23% for a triplet exciton absorber.
Introduction
Solar cells incorporating organic materials are interesting alternatives to conventional silicon solar cells because of their low production cost. Significant breakthroughs in solar cell performances have been achieved in recent years; however, their power conversion efficiency has to be enhanced further in order to improve their viability. Two exclusive transport channels, absorption at the channel interface and a high absorption cross section are, in general, the three prerequisites for an ideal solar cell. Photosynthesis in plants is an efficient way to harvest sunlight energy that fulfils these three prerequisites. However, so far, the three prerequisites have not been realized simultaneously in a single artificial photovoltaic device. In a dye-sensitized solar cell the absorbing dye molecules lie at the large interface between the porous metal oxide for electron transport and ionic liquid [1] or organic semiconductor [2] for hole transport. There is, however, no self-avoidance of the two transport channels. Moreover, the absorbance is low because there is only a monolayer of absorber [3] . The absorbance is improved in extremely thin absorber solar cells on highly structured substrates [4] and bulk hetero-junction solar cells [5, 6 ]; yet both have no self-avoidance in the channels either. Self-avoiding exclusive transport is realized in a p-n junction solar cell by the electrical field in the depletion region. The p-n junction solar cell, however, has a simple planar structure in sharp contrast to photosynthesis where the absorbers and channels are organized in a complex three-dimensional manner. In this work we propose and study theoretically a concept named junction absorber photovoltaics which combines simultaneously the three prerequisites. In this device a layer of absorber lies at the interface between a porous wide bandgap n-type semiconductor and a p-type semiconductor with appropriate doping. Figure 1(a) shows the random porous structure in reality which is modelled by a regular structure shown in figure 1(b) . The red, green and blue regions represent the n-type semiconductor, absorber and p-type semiconductor, respectively. The porous p-n junction was used to have multiple absorption since the absorber is very thin. An enlarged regular structure model is shown in figure 1(e) . The doping levels of n-type and p-type semiconductors are chosen such that the depletion region conformally overlaps the absorber and part of the semiconductor throughout the porous interface which means that the depletion width W is at least as thick as the thickness of the absorber d a . At such doping levels, the depletion region does not extend much further so that the neutral region does not disappear. The neutral region has a three-dimensional dendritic geometry with fingers reaching the three-dimensionally distributed absorbers which are always only one depletion width away. The carriers generated inside the depletion region will then be swept by the strong junction electric field into the fingers and easily transported to the collecting electrode in the neutral dendrite due to the high conductivity. If the doping level is not sufficiently high, the depletion regions will merge and the neutral region fingers will disappear. As for the organic absorber, the excitons are generated immediately upon receiving the light because the binding energy is large which results from the small dielectric constant. There should be a conduction band offset between the absorber and the n-type semiconductor to overcome the exciton binding energy for dissociation exclusively at the interface of the intrinsic absorber and the n-type semiconductor. The optimal thickness of the absorber is about the exciton diffusion length which is far greater than the monolayer thickness. This thickness gives the greatest absorbance without sacrificing the exciton dissociation probability. This high absorbance significantly reduces the total solar cell thickness and the series resistance. There is therefore an intricate interplay between four length scales: the pore size, the depletion width, the absorber thickness and the exciton diffusion length.
This device concept can be realized as discussed below. For the porous n-type semiconductor, ZnO on ITO surface can be made. Al can be used to n-dope ZnO [7] . Random or ordered porous ZnO processed in solution can be used. The random porous structure can be made by sintering as in the case of dye-sensitized solar cells. The regular porous structure can be made by the sol-gel process with a polystyrene template [8, 9] . The polystyrene spheres were first deposited on the substrate as the template, then the ZnO precursor was deposited on the template to fill up the gaps between the polystyrene spheres. After annealing at a high temperature, the polystyrene spheres were vaporized and the ZnO precursor transformed into ZnO. Since ZnO is transparent, the light could pass through ZnO without any dramatic intensity attenuation. For the thin absorber, a low bandgap organic semiconductor, such as poly [2,6- [10, 11] and thiophene-enriched fused-aromatic thienopyrazine (bandgap = 1.0-1.4 eV) [12] can be deposited by immersion in a solution of organic solvent. Chemical cross-linking by heating or ultraviolet irradiation can make them insoluble in the following steps. High bandgap organic semiconducting polymers such as poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4 -(N-(4-sbutylphenyl))diphenylamine)] (TFB) [13] can be deposited by a solution in toluene to be used as the p-type semiconductor. The organic molecule F4-TCNQ with a high electron affinity can be used to p-dope the polymer [14, 15] . Numerical calculations with practical physical parameters demonstrate that the power conversion efficiency is as high as 20%. This work is the first to place the absorber inside the depletion region along the porous surface of an extremely thin absorber solar cell. In addition, the influences of the doping concentrations of the n-type and p-type semiconductors are also investigated.
Model
The random porous structure in reality, depicted in figure 1(a) , is modelled by a regular structure defined in figure 1(b) . The structure is characterized by three geometry parameters: the pore size d p , the absorption thickness d a and the number of absorber layers n. The model structure in figure 1(b) is simulated by the Silvaco TCAD software. The energy bands and work functions are shown in figure 1(f ) . There is an electron barrier ϕ of 0.3 eV to prevent dark carriers from diffusing into the absorber region and recombining with photocarriers [16, 17] . Density of state for both electrons and holes is assumed to be 10 19 cm −3 [18] . The relative dielectric constant ε r of the absorber and the p-type region is set to be 3.4 as in most organic materials [19] . ε r is chosen as 9 taking ZnO as an example [20] . The boundary conditions are given by matching the sum of the thermionic-emission current and backflow current with the drift-diffusion current in the bulk at the metalsemiconductor interface. The incident photon flux is obtained by integrating the sunlight spectral density over photon energy above the absorber bandgap Eg. The absorption depth inside the absorber is taken as 200 nm [5] . Absorption is neglected in both n-type and p-type semiconductors because of their wide bandgaps. Excitons are generated in each absorber layer by light absorption as shown in figure 1(c) . The probability P d (z) for an exciton to dissociate at the n-i interface is determined by the competition of two time constants: the time to diffuse to the interface and the decay lifetime. Their inverses are the rates k d and k, respectively. The exciton diffusion length L ex is √ τ D, where τ = 1/k and D is the exciton diffusion coefficient. z is the distance between the exciton generation position and the n-i interface. Expressed in terms of the exciton diffusion coefficient
For exictons generated at the p-i interface, the probability
). Indeed the dissociation probability is nearly unity as d a is much smaller than L ex . The absorber thickness d a , however, cannot be very thin otherwise the effective light absorption will be small and some light will penetrate the entire structure without being absorbed. The effect of d a is illustrated in figures 1(c) and (d). For large d a , the excitons generated outside the orange region will decay and are wasted. For small d a , some light is not absorbed and wasted even after multiple penetrations through the absorber layers. d a ∼ = L ex is therefore the optimal absorber thickness. The number of multiple absorption cannot be increased indefinitely to harvest the light because it will cause a large solar cell total thickness and high transport resistance. In practice, the photon flux in each absorber layer is (y) = (y n ) exp[−(y − y n )/δ] where y is the vertical coordinate defined in figure 1(b) and y n is the boundary of the nth absorber layer. Between the . The total carrier generation in each absorber layer is the integration of dissociation probability P d and the exciton generation rate g, which is
−z/δ dz. We use the user-defined carrier generation rate in Silvaco TCAD such that the total carrier generation in each absorber layer is concentrated near the n-i interface where exciton dissociation actually occurs. Exciton diffusion coefficient D is 3 × 10 −3 cm 2 s −1 [21] . The exciton decay lifetime τ is 1 ns [22, 23] . Exciton diffusion length L ex = √ τ D is 17 nm. The energy levels of the materials are shown in figure 1(f ) . The absorber bandgap is 1.4 eV unless otherwise specified.
Results and discussion
The doping levels N A and N D are equal and change from 10 15 cm −3 to 10 19 cm −3 in figure 2 . The simulated depletion widths inside the n and p regions are slightly different but consistent with the theoretical relation for p-n junction without an intrinsic layer in between:
The depletion regions do not merge if the pore size d p is larger than both 2W n and 2W p . The mobilities of the majority carrier are 10 −1 cm 2 V −1 s −1 and 10 −3 cm 2 V −1 s −1 in the n-type and p-type regions, respectively, while the mobilities of the minority carrier in the n-type and p-type regions are both 10 −4 cm 2 V −1 s −1 . The potential profile under the shortcircuit condition is plotted in figure 2(a) to examine whether the depletion regions merge. For a high doping level, the potential switches rapidly between 1.1 V and 0 V with a high field in the depletion regions and low field neutral regions in between, meaning the condition d p > 2W n holds. The fingers of p-type and n-type regions extend well towards each other as shown by the carrier distribution in figures 2(g) and (h). The red part, which is the neutral region, has the highest carrier density. As expected, it has dentritic fingers reaching the absorber layer at the junction. On the other hand, for low doping levels such that d p < 2W n,p , the potential energy varies slowly from 1.1 V to 0 V with position as the depletion regions merge together. The fingers in the red neutral region disappear as shown in figures 2(c) and (d). Figure 2(b) shows the effect of doping on power conversion efficiency. As the doping level increases, the short-circuit current J sc increases moderately but the fill factor grows remarkably, and the open-circuit voltage V oc is fixed at around 0.9 V which is close to the electrode work function difference of 1.1 eV. At high doping levels where the fingers of p-type and n-type regions extend into each other, electrons and holes generated in the high-field depletion region are pushed away from each other, and then quickly extracted. Thus, the recombination in the absorber layer is highly reduced, resulting in a high fill factor and power conversion efficiency. On the other hand, for low doping levels where the fingers shrink and depletion regions merge, carrier extraction becomes difficult and the recombination in the absorber layer is severe, causing lower fill factor and efficiency. For exciton diffusion length L ex of 17 nm the maximal efficiency is 19.4% for N a = 10 19 cm −3 . The fill factor is as high as 84.1% because of the lack of recombination. Efficiency drops for lower doping levels. If the singlet excitonic level of the absorber is above the triplet excitonic level and if intersystem crossing is present, the exciton becomes spin triplet with much longer lifetime and diffusion length. Taking triplet L ex as 51 nm the power efficiency is increased to 23.1%. Figure 2 (b) also demonstrates that the electron barrier ϕ is necessary to block the dark carriers diffused from the electrode [24] . The results are summarized in table 1.
The effect of absorber thickness is shown in figure 3 . As illustrated in figure 1(c) , for large d a , the photon absorption in the grey areas are wasted because the position is too far away from the n-i junction. For small d a , there is no grey area, as shown in figure 1(d) , but there is a high wasted residual light intensity after multiple absorption. Figure 3 shows that, as expected, the optimal absorber thickness 16 nm is close to the exciton diffusion length L ex = 17 nm. which is about 1.5 times of the absorption depth δ = 200 nm to ensure nearly complete absorption. The total cell thickness is 640 nm with 10 repeat unit of 64 nm. The absorber thickness of 16 nm is more than ten times larger than the monolayer thickness in dye-sensitized solar cell. Consequently, the total cell thickness is less than 1/10 of the dye-sensitized solar cell thickness of several micrometres. The reduced cell thickness has the great advantages of low series resistance and less recombination in the collection path. Mobility effect is shown in figure 4 where µ e is fixed at 0.1 cm 2 V −1 s −1 . For low doping of N a = 10 15 cm −3 , the efficiency and fill factor reach the maximum only for hole mobility µ h over 0.1 cm 2 V −1 s −1 . Remarkably, for high doping of 10 19 cm −3 , the fill factor and efficiency rapidly increase and saturate at 84% and 19% as the hole mobility is above a mere 10 −5 cm 2 V −1 s −1 . This is because the high carrier density in the neutral region supports a negligible series resistance even for low carrier mobility typical for organic semiconductors, implying high mobility is not required.
Conclusions
In conclusion, a numerical calculation is performed to verify the concept of junction absorber solar cells inspired by and similar to photosynthesis, where a layer of intrinsic low bandgap absorber lies at the porous p-n junction interface of doped wide bandgap semiconductors. In practice, the dendritic junction can be realized between n-doped metal oxide semiconductor and p-doped conjugated polymers. With intriguing physics, high efficiency, and easy solution fabrication the junction absorber photovoltaics open a new paradigm to solve energy challenges.
